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to centronuclear myopathy reside in a
deeply inserted membrane binding
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Structure
ArticleTubulation by Amphiphysin Requires
Concentration-Dependent Switching
from Wedging to Scaffolding
J. Mario Isas,1,3 Mark R. Ambroso,1,3 Prabhavati B. Hegde,1 Jennifer Langen,2 and Ralf Langen1,*
1Zilkha Neurogenetic Institute, University of Southern California, 1501 San Pablo Street, Los Angeles, CA 90033, USA
2Department of Biological Sciences, University of Southern California, Los Angeles, CA 90089-2910, USA
3Co-first author
*Correspondence: langen@usc.edu
http://dx.doi.org/10.1016/j.str.2015.02.014SUMMARY
BAR proteins are involved in a variety of membrane
remodeling events but how they can mold mem-
branes into different shapes remains poorly under-
stood. Using electron paramagnetic resonance,
we find that vesicle binding of the N-BAR protein
amphiphysin is predominantly mediated by the
shallow insertion of amphipathic N-terminal helices.
In contrast, the interaction with tubes involves
deeply inserted N-terminal helices together with the
concave surface of the BAR domain, which acts as
a scaffold. Combined with the observed concentra-
tion dependence of tubulation and BAR domain
scaffolding, the data indicate that initial membrane
deformations and vesicle binding are mediated by
insertion of amphipathic helical wedges, while tubu-
lation requires high protein densities at which oligo-
meric BAR domain scaffolds form. In addition, we
identify a pocket of residues on the concave surface
of the BAR domain that insert deeply into tube mem-
brane. Interestingly, this pocket harbors a number of
disease mutants in the homologous amphiphysin 2.
INTRODUCTION
The remodeling of cellular membranes is controlled by proteins
that sense, stabilize, or induce membrane curvature (Rao and
Haucke, 2011; Zimmerberg and Kozlov, 2006). Examples of
membrane remodeling include vesicle budding and fusion
events as well as the formation of cylindrical tubes in the cell.
BAR domain-containing proteins have recently risen to promi-
nence as they are involved in a wide range of membrane remod-
eling events. Amphiphysin is an N-BAR protein involved in
endocytosis as well as T-tubule formation (Butler et al., 1997;
David et al., 1994; De Camilli et al., 1993; Kukulski et al., 2012;
Lee et al., 2002; Meinecke et al., 2013; Razzaq et al., 2001).
The deletion of amphiphysin in Drosophila destabilizes the
T-tubule network and mutations in humans have been shown
to cause muscle diseases including centronuclear myopathy
(Bo¨hm et al., 2014; Claeys et al., 2010; Nicot et al., 2007; RazzaqStructure 23et al., 2001). Endocytosis as well as T-tubule formation involves
the shaping of membranes into curved entities, but while
T-tubule formation results in the generation of elongated tubular
structures, endocytosis is a more dynamic process that leads
to the formation of curved vesicles. The ability of N-BAR proteins
to partake in the formation or stabilization of different types of
membrane curvature is also seen in vitro. Amphiphysin and the
related N-BAR protein endophilin are capable of forming bilayer
tubes of different diameter as well as cylindrical micelles and
small highly curved vesicles (Farsad et al., 2001; Mizuno et al.,
2010; Mim et al., 2012; Peter et al., 2004). Two of themain mech-
anisms that have been discussed for the formation of such struc-
tures are scaffolding and the wedging of amphipathic helices.
The first evidence that amphiphysin and endophilin might be
able to promote membrane curvature via scaffolding came
from structural studies, which showed that these proteins are
banana-shaped dimers (Gallop et al., 2006; Peter et al., 2004;
Weissenhorn, 2005). As shown with the example of amphiphysin
(Figure 1A), these dimers have a curvature complementary to
that of the tubes they form. Moreover, the dimers are known to
further associate into larger oligomeric networks on tubes (Mim
et al., 2012; Mizuno et al., 2010; Takei et al., 1999; Yin et al.,
2009). It has, therefore, been proposed that these proteins act
via a scaffolding mechanism in which rigid BAR domain oligo-
mers impose their shape onto the membrane and promote pos-
itive curvature. The concept of using scaffolding for controlling
membrane curvature has since been expanded to other types
of BAR domain proteins, such as F-BAR and I-BAR proteins
(Arkhipov et al., 2009; Frost et al., 2008; Henne et al., 2007;
Itoh et al., 2005; Pyka¨la¨inen et al., 2011; Saarikangas et al.,
2009; Shimada et al., 2007; Yu and Schulten, 2013). However,
membrane curvature induction by amphiphysin and endophilin
does not solely rely on their BAR domains as other regions
outside the BAR domain are critical for tubulation as well. For
example, mutations in the N-terminal regions of amphiphysin
and endophilin, as well as mutations in an insert region that is
present in endophilin but not in amphiphysin, have been shown
to significantly inhibit tubulation (Farsad et al., 2001; Gallop
et al., 2006; Itoh and De Camilli, 2006; Peter et al., 2004). Site-
directed spin labeling (SDSL) studies using electron paramag-
netic resonance (EPR) (Gallop et al., 2006; Jao et al., 2010) as
well as computational studies (Blood and Voth, 2006; Blood
et al., 2008; Cui et al., 2009, 2013; Mim et al., 2012) were able
to verify that all of these regions fold into amphipathic helical, 873–881, May 5, 2015 ª2015 Elsevier Ltd All rights reserved 873
Figure 1. Amphiphysin Binds Vesicles with
its N Terminus and Not its BAR Domain
(A) Crystal structure of homodimer Drosophila
amphiphysin (PDB 1URU) with individual subunits
in blue and teal. Yellow a-carbons highlight
residues in the BAR domain that were spin
labeled (sequence numbers are provided for
select sites). The N-terminal regions of amphi-
physin are unresolved in the crystal structure and
are not shown.
(B) Negative-stain electron microscopy image of
amphiphysin bound to 100-nm vesicles composed
of a 4:1 ratio by weight of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine and cholesterol.
Scale bar represents 500 nm.
(C) The depth parameter F for vesicle-bound
amphiphysin is plotted versus the N-terminal spin-
labeling position.
(D) Helical wheel representation of the N-terminal
region of amphiphysin. More deeply inserted
membrane residues (red) and more solvent-
exposed residues (blue) are color coded as in (C).
(E) Model of amphiphysin’s N-terminal helix bound
to a vesicle membrane. The helix (gray) was
manually placed according to immersion depths
obtained from F values in Figure 1C and the cali-
bration in Figure S1E (see text). Single phospho-
lipids (orange) as well as the level of the lipid head
groups (black line) and phosphates (gray line) are
displayed for reference.
(F) The change in central line width upon tran-
sitioning from solution to the vesicle-bound form
of amphiphysin is plotted versus spin-labeled
position. Positive changes indicate ordering upon
vesicle binding. Sites with the largest changes
(cutoff arbitrarily set at 1 Gauss) are highlighted
(green).
(G) The depth parameter F for spin-labeled sites in
amphiphysin bound to 100-nm vesicles plotted
versus labeled position. The PO2 and PNiEDDA
values used to calculate F are given in Figure S1D
and Table S1. The F value obtained for a lipid
moiety with a spin label at the position of the lipid head group (see Experimental Procedures) is displayed for reference (black dashed line).
(H) Model of amphiphysin’s BAR domain bound to 100-nm vesicles. The N termini are omitted for simplicity. Residues in the BAR domain that undergo line width
changes greater than 1Gauss upon binding vesicles are colored green as in Figure 1F. The location of the BARdomain relative to themembranewas estimated as
described in the text. The level of the head groups (black line) and lipid phosphates (gray line) are displayed for reference. Error bars represent SD, n = three
independent experiments.structures that are thought to act as wedges in the membrane.
Work on the Parkinson’s disease protein a-synuclein has shown
that helical wedges can be sufficient for inducing tubulation,
demonstrating that scaffolding is not a prerequisite for mem-
brane bending (Varkey et al., 2010; Westphal and Chandra,
2013). Interestingly, endophilin’s BAR domain was found to be
at a significant distance away from the membrane under vesicu-
lating conditions, suggesting that the amphipathic helices might
be the predominant curvature-stabilizing entities (Jao et al.,
2010). In order to address the apparent discrepancy with respect
to the importance of scaffolding and helix insertion, a recent
study used using SDSL and EPR found that endophilin employs
different structures and mechanisms to generate vesicles
or tubes (Ambroso et al., 2014). The central finding was that
the N-terminal and insert region helices were more deeply
embedded in tubes than vesicle membranes. Based on mem-
brane proximity measurements of two residues, it was also874 Structure 23, 873–881, May 5, 2015 ª2015 Elsevier Ltd All rightssuggested that this helical movement is coupled to a shift of
the BAR domain toward the membrane. This movement could
significantly enhance the scaffolding activity of the BAR domain.
However, the precise orientations of endophilin’s BAR domain
with respect to vesicle or tube membranes remain unknown.
Moreover, a recent study on the BAR protein ACAP1 suggested
that tube formation is not directly mediated by the BAR domain
but by membrane interaction with its pleckstrin homology
domain (Pang et al., 2014). Thus, tube formation may not require
BAR domain-dependent scaffolding. Amphiphysin is different
from endophilin and ACAP1 as it lacks insert helices or PH do-
mains. We therefore set out to test (1) whether the BAR domain
of amphiphysin is involved in scaffolding and (2) whether amphi-
physin uses different mechanisms to interact with vesicles or
tubes. In order to obtain detailed structural information for
the membrane interaction of the BAR domain and N-terminal
helix of amphiphysin (henceforth referred to as amphiphysin),reserved
we performed SDSL for 49 spin-labeled sites in the BAR domain
and 14 sites in the N terminus. We then used EPR of these spin-
labeled derivatives to investigate the structures of amphiphysin
bound to vesicles or tubes. In support of a scaffolding mecha-
nism, we find that the entire concave surface of the BAR domain
comes into direct contact with the tube membrane. Residues on
this surface exhibit significantmembrane interactionwith all sites
at least penetrating into the lipid head group region. The most
deeply inserted residues (144, 147, and 151) were found in a
pocket that even inserts into the acyl chain region of the mem-
brane. Interestingly, both this pocket and the N-terminal helix,
which we find to differentially interact with tubes and vesicles,
are in the immediate vicinity of known familial disease mutants
(Bo¨hm et al., 2014; Claeys et al., 2010; Nicot et al., 2007; Razzaq
et al., 2001). In contrast to tubes, scaffolding does not seem to
be important on vesicles where the BAR domain only minimally
contacts the membrane and where membrane interaction is
predominantly mediated by the N-terminal helices.
RESULTS
Amphiphysin Vesicle Binding Is Mediated by Shallow
Insertion of its Amphipathic N-Terminal Helix
In order to compare the structures of vesicle- and tube-bound
amphiphysin, we sought conditions that resulted in clean prepa-
rations of amphiphysin either bound to vesicles or tubes. We
found that amphiphysin both vesiculated and tubulated vesicles
containing the commonly used total brain lipids. While it was
possible to enrich for vesicles and tubes, it was difficult to obtain
clean preparations containing only tubes or vesicles. This prob-
lem was further compounded by significant batch-to-batch
variations in the total brain lipid extracts. Thus, we examined a
large number of conditions and found two different defined lipid
compositions that resulted in amphiphysin stably bound to either
vesicles or tubes. The structure of amphiphysin bound to the
respective structures was then studied using SDSL and EPR
spectroscopy. To this end, we introduced spin labels, one amino
acid at a time, at 14 selected sites in the N-terminal region of
amphiphysin (not resolved in the crystal structure) and 49 sites
throughout the BAR domain (Figure 1A). First, we examined
the changes in structure and membrane topography that occur
as amphiphysin binds to vesicles containing a mixture of phos-
phatidylserine and cholesterol (Figure 1B). The EPR spectra for
N-terminally labeled sites revealed that this region is unfolded
in solution (Figure S1A) explaining why the N terminus was not
resolved in the crystal structure. The change in the EPR spectra
upon vesicle binding, however, reveals reduced mobility and
ordering of the N terminus (Figure S1B). In order to determine
the orientation of the N terminus with respect to the vesicle
membrane, we measured the membrane immersion depths of
each spin-labeled site through accessibility measurements
(Figures S1C and S1D). These measurements take advantage
of the well-established collision gradients that increase toward
the center of the membrane in the case of hydrophobic O2, while
the opposite is observed for collisions with hydrophilic nickel(II)-
ethylenediamine-N,N0-diacetic acid (NiEDDA) (Altenbach et al.,
1994). The data can be conveniently summarized with the depth
parameter F, which is defined by F = ln(PO2/PNiEDDA). Larger
F values indicate increasing membrane immersion depthsStructure 23(Altenbach et al., 1994; Frazier et al., 2003). As illustrated in Fig-
ure 1C, F oscillates as a function of N-terminal sequence with a
periodicity that indicates that the N terminus folds into an a-helix
upon membrane binding (Hubbell et al., 1998). When plotted
onto a helical wheel (Figure 1D), all lipid-exposed residues (local
maxima inF plot, red) are on one face, while all solvent-exposed
residues (local minima in F plot, blue) are on the other, suggest-
ing the helix is amphipathic. Based upon calibration using spin-
labeled lipids (see Experimental Procedures, Figure S1E), we
find that the deepest lipid-exposed sites are located at immer-
sion depths of 7–10 A˚. Considering the extension of the R1
side chain (7–10 A˚ from the center of an a-helix) (Langen
et al., 2000), the N-terminal helix is parallel to the membrane
with its center approximately at the level of the head group phos-
phates, where it is well positioned to act as a molecular wedge
(Figure 1E) (Campelo et al., 2008, 2010; Drin and Antonny, 2010).
Next we investigated the structure andmembrane proximity of
the BAR domain on vesicles. Comparison of the EPR spectra for
spin-labeled derivatives bound to vesicles or in solution revealed
that mobility changes between the two states were highly local-
ized (Figures S1F and S1G). These changes are summarized in
Figure 1F using the central line width, a commonly employed
mobility parameter (Jao et al., 2004). Little or nomobility changes
were observed at sites near the convex side of the protein as
well as at the more central regions along the concave surface
of the BAR domain. In contrast, the strongest immobilization
was observed near the tip region of amphiphysin for residues
146, 148, 150–153, 168, 170–174, and 176. These residues are
located at the end of helix 2 and the beginning of helix 3, respec-
tively (Figures 1A and 1H). In solution, these regions have multi-
component EPR spectra indicative of ordered and disordered
structure consistent with frayed helical ends. Upon vesicle
binding, these regions become much more ordered. The high
mobility in the intervening loop region (residues 156–167)
remains. When accessibility measurements were performed,
no labeling site in the BAR domain gave rise to strongly
enhanced O2 accessibilities (Figure 1G; Table S1). F values for
all sites ranged between 0.9 and 2, values that are typically
observed for soluble proteins in aqueous solution under these
conditions (Shah et al., 2014). Importantly, all sites lie outside
the region for which immersion depth is calibrated, from the inte-
rior of the bilayer to 5 A˚ above the phosphate level (Figure 1G,
dashed line; Figure S1E). This lack of calibration precludes us
from directly determining the precise location of the BAR domain
relative to the membrane, however the data still allow us to
estimate a lower limit for the distance between the BAR domain
and the vesicle membrane. Considering that all sites lie outside
the calibrated depth range, their nitroxide moieties must be at
least 5 A˚ above the phosphate level. Many labeled sites include
residues on the concave surface of the BAR domain and are
predicted to project directly toward the membrane. Since the
backbone is at least another 7 A˚ away from the nitroxide moiety,
we can therefore estimate that the backbone to phosphate dis-
tance in these cases must be at least 12 A˚. Thus, if the BAR
domain contacts the membrane, such contacts must be limited
to interactions with the more distal region of the head groups.
Considering the different geometries of the modestly curved
membrane and the highly curved BAR domain, such contacts
could involve the tip region of the BAR domain (Figure 1H), which, 873–881, May 5, 2015 ª2015 Elsevier Ltd All rights reserved 875
Figure 2. The N Terminus Submerges into
the Acyl Chain Region on Tubes
(A) Lipid tubes formed from large vesicles com-
posed of a 2:1 ratio by weight of 1-palmitoyl-
2-oleoyl-sn-glycero-3-[phospho-RAC-(1-glycerol)]
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoe-
thanolamine after incubation with amphiphysin at
a 1:10 (protein/lipid) ratio by weight observed
by negative-stain electron microscopy. Scale bar
represents 500 nm.
(B) High magnification reveals a striated amphi-
physin protein coat around a lipid tube. Scale bar
represents 50 nm.
(C) The depth parameter F as a function of residue
number in the N terminus on tubes. O2 (red) and
NiEDDA (blue) accessible residues are color coded
similarly to the helical wheel in Figure 1D. F values
obtained for vesicle-bound amphiphysin (gray
dashed line) from Figure 1C are plotted for com-
parison.
(D) Model of amphiphysin’s N terminus bound to
tubes. The helix was manually placed according
to the calibration (Figure S2D) and depth mea-
surements (Figure 2C) as described in the text.
Single lipids (orange) are displayed for reference.
The plane of the head groups (black line) and lipid
phosphates (gray line) are displayed for reference.
Error bars represent SD, n = three independent
experiments.experiences a significant reduction inmobility upon vesicle bind-
ing. However, we cannot exclude the possibility that vesicle
interaction causes an ordering of the frayed helical ends via alter-
native mechanisms that do not require physical contact of this
region with the membrane.
On Tubes, the BAR Domain Comes into Contact with the
Membrane and N Termini Move Deeper into the Bilayer
In order to compare the structure of vesicle-bound amphiphysin
with that of the tube-bound protein, we repeated the experi-
ments under tubulating conditions using phosphatidylglycerol-
and phosphatidylethanolamine-containing vesicles. Under the
conditions used, the membranes became completely tubulated
with a well-defined, highly oligomeric protein coat (Figures 2A
and 2B). The EPR spectra of sites in the N-terminal region re-
vealed that this region also becomes ordered on tubes (Fig-
ure S2A and S2B). Moreover, the periodicity in the accessibility
data (Figures 2C and S2C) again indicated the formation of an
a-helical structure. When compared with the vesicle-bound
form, however, much larger F values were obtained for the
N terminus on tubes indicating deeper membrane insertion.
According to the calibration (Figure S2D), the most deeply in-
serted residues are on average16 A˚ below the phosphate level.
Taking into account the 7–10 A˚ length of the spin-labeled moiety
from the center of the a-helix (Langen et al., 2000), we approxi-
mate the helical wedges to be driven more deeply into the tube
membrane with their centers penetrating about 6–9 A˚ into the
acyl chain region (Figure 2D).
Having established that the location of the N-terminal helices
differs between vesicles and tubes, we next wanted to determine
whether similar changes might also occur in the BAR domain. As
in the case of vesicle binding, tubulation caused spectral876 Structure 23, 873–881, May 5, 2015 ª2015 Elsevier Ltd All rightschanges for spin-labeled sites in the BAR domain that were high-
ly dependent on where the label was introduced (Figures S3A
and S3B). Again, the EPR spectral changes were mainly limited
to sites located on the concave surface. However, there were
also some distinctive differences between the spectra of the
vesicle and tube-bound proteins. A comparison of the central
line widths revealed that the mobility of the vesicle- and tube-
bound states differed most for sites on the concave surface
(Figures S3C and S3D). The most pronounced differences
were observed for residues 58, 97, 113, 133, 151, 154, 158,
and 171, most of which are spread out over the presumed mem-
brane interaction surface. This is in contrast to themore localized
mobility changes observed mainly in the tip region for the
vesicle-bound protein. To test whether this enhanced ordering
of residues on the concave surface is accompanied by altered
membrane proximity of the BAR domain, we again performed
O2 and NiEDDA accessibility measurements. The respective
accessibilities are given in Table S1 and are summarized by
theF values in Figure 3A. As in the case of vesicle-bound amphi-
physin, sites on the convex surface again resulted in negative
F values indicating that these regions do not come into direct
contact with the membrane. However, when labeling occurred
at the concave surface, more positive F values could be seen
indicating membrane proximity or membrane penetration for
those sites. The largest F values were obtained for residues
58, 133, 144, 147, 148, 151, 154, 170, and 171 indicating that
residues on the concave surface of the BAR not only become
more ordered but that they also come into closer proximity to
the membrane. These enhanced F values are not the conse-
quence of a previously observed steric exclusion of NiEDDA
(Isas et al., 2002) but are instead due to enhanced accessibility
to O2 (Figure S3E). While the accessibility values for most ofreserved
Figure 3. The BAR Domain Adheres its
Concave Surface to the Membrane on
Tubes
(A) The depth parameter,F, is plotted as a function
of the labeling position within the BAR domain
of tube-bound amphiphysin. The black dashed
line corresponds to a head group location
approximately 5 A˚ above the phosphate level
(see Experimental Procedures; Figure S2D). Resi-
dues with F values equal to or greater than that
of the dashed line are in red, while residues with
smaller values are in blue. F values obtained for
select residues of vesicle-bound amphiphysin
(gray dashed line) from Figure 1G are plotted for
comparison.
(B) Model of amphiphysin’s BAR domain bound
to tubes with the N-terminal helices omitted for
simplification. The level of the head groups
(black line) and lipid phosphates (gray line) on a
lipid leaflet (orange) are schematically displayed
for reference. a-carbons are color coded as in
Figure 3A.
(C) Negative-stain electron microscopy of a
mixture of lipid tubes and small vesicles formed
from large vesicles after incubation with amphiphysin at a 1:40 (protein/lipid) ratio by weight. Scale bar represents 500 nm.
(D) Depth parameter (F) for select sites on the BAR domain when bound to tubes at various protein/lipid ratios by weight: 1:10 (black) and 1:40 (gray). F values
taken from Figure 1G for the same siteswhen bound to 100-nm vesicles (white) are also shown for reference (protein/lipidmolar ratio of 1:10). DecreasingF values
represent decreasing exposure of these sites to the membrane environment. Error bars represent SD, n = three independent experiments.these sites are consistent with a location near the lipid head
group level, a cluster of residues (144, 147, and 151) penetrates
more deeply (nitroxide moiety at 2–7 A˚ immersion depth) into the
acyl chain region (Figures 3B and S2D).
Tubulation and BAR Domain Scaffolding Are Dependent
on Protein Concentration
Recent studies using mechanically pulled nanotubes found two
distinct ways in which amphiphysin or endophilin can stabilize
membrane curvature (Sorre et al., 2012; Zhu et al., 2012). At
dilute protein conditions, the effect of these proteins was rela-
tively modest, but at higher protein-to-lipid ratios they became
more potent and stabilized tubes similar in size to those gener-
ated here. In order to test how different protein concentrations
might affect amphiphysin membrane interaction, we repeated
the tubulation experiments at 4-fold lower protein-to-lipid ratios.
According to negative-stain electron microscopy, these condi-
tions reduced overall tubulation and more vesicular structures
were present (Figure 3C). As expected from the more abundant
presence of vesicles, accessibility measurements resulted in a
significant reduction of F values indicating reduced interaction
of the BAR domain with the membrane (Figure 3D). These exper-
iments suggest that a threshold protein-to-lipid ratio is required
in order for stable tubulation to occur. Inasmuch as tubulation
coincides with the formation of an oligomeric protein coat
around the tubes, it is likely that the switch to scaffolding is
coupled to oligomer formation.
The finding that decreasing protein-to-lipid ratios cause
reduced tubulation as well as reduced F values also served as
an important control. Our analysis of tube- and vesicle-bound
protein in Figures 1, 2, 3A, and 3B used two different lipid
compositions, while the data in Figures 3C and 3D used the
same lipid composition. Thus, the strong effects on the F valuesStructure 23in Figure 3D must be due to the decreased yield of tubulation
and not lipid composition. To further address this issue, we
also investigated the F values from selected amphiphysin
derivatives bound to total brain lipid membranes. Again we
observed the same trend that preparations enriched for tubes
had more positive F values than those enriched for vesicles
(data not shown).DISCUSSION
In this study, we set out (1) to determine what mechanisms
amphiphysin uses to bend lipid membranes and (2) to provide
a detailed structural analysis of the BAR domain on tubes
and vesicles. Our structural analysis revealed that amphiphysin
uses different structures andmechanisms to interact with vesicle
or tube membranes. The BAR domain only weakly contacts the
vesicle membrane. Vesicle interaction reduces the mobility at
the tip regions of the BAR domain but even these residues do
not experience significant membrane immersion. Thus, if there
is any interaction between the BAR domain and the membrane,
it is likely limited to contacts with the more distal portions of the
lipid head groups. In contrast, tube binding involves the entire
concave surface of the BAR domain. Residues throughout this
surface are in direct contact with the membrane and penetrate
deeply into the head group region and in some cases even into
the acyl chain region. This downward movement allows the
BAR domain to impart its own curved structure onto the mem-
brane and act as a scaffold. Scaffolding is further aided by the
formation of specific oligomeric structures that wrap around
the tubes (Figure 2B) (Mim et al., 2012; Mizuno et al., 2010; Takei
et al., 1999). We also find that the N terminus is capable of
forming three distinct structures: (1) a random coil in solution,, 873–881, May 5, 2015 ª2015 Elsevier Ltd All rights reserved 877
(2) an amphipathic helix shallowly inserted into vesicles, or (3) an
amphipathic helix deeply inserted into the tube membrane.
The movement of the BAR domain toward the tube membrane
allows for numerous positively charged residues on its concave
surface to engage in electrostatic interactions with negative
charges on the lipid head groups. This interaction is likely to
contribute a significant amount of energy toward the formation
of a tight scaffold. Although the entire concave surface is in con-
tact, the binding interactions are not perfectly uniform. Interest-
ingly, we identified a pocket of amino acids (144–151) with
reduced mobility that more deeply penetrate into the tube mem-
brane than other amino acids on the concave surface of the BAR
domain (Figures 3A and 3B). The importance of this region is
further illustrated by the fact that the homologous region in am-
phiphysin 2 harbors mutations found in familial forms of centro-
nuclear myopathy (Claeys et al., 2010; Nicot et al., 2007). These
D151N and R154Q mutations (corresponding to position D146
and R149 in the present study) are thought to inhibit tubulation
in vivo as well as in vitro (Claeys et al., 2010; Nicot et al., 2007;
Wu et al., 2014). One possibility is that this membrane insertion
pocket makes specific lipid contacts. In fact, a recent study on
F-BAR proteins identified a conserved lipid binding site on the
concave membrane binding surface of these proteins (Morav-
cevic et al., 2015). A specific coordination of lipids is consistent
with the strong immobilization observed in the EPR spectra for
this region, as prior studies on annexins have shown that specific
lipid coordination results in pronounced immobilization (Isas
et al., 2002). In principle, protein-protein contacts, such as con-
tacts with N-terminal helices, could contribute to the observed
immobilization as well. For example, one could envisage an
interaction between N-terminal helices from one dimer with a
BAR domain from an adjacent dimer. Such an interaction could
stabilize the oligomeric coats on tubes and couple the move-
ment of the BAR domain to the movement of the N-terminal he-
lices. However, such contacts were not resolved in cryo-electron
microscopy reconstructions of endophilin tubes (Mim et al.,
2012; Mizuno et al., 2010) and additional studies will be needed
to test for this possibility. Regardless of the precise mechanism,
geometric considerations may explain why oligomerization is
more pronounced on tubes. While a vesicle is isotropically
curved (curved in three dimensions), a tube is curved anisotrop-
ically with curvature around but not along its axis. We would
therefore expect vesicle-associated BAR proteins to follow the
isotropic curvature of the vesicle and to be oriented in various
directions. In contrast, tube-bound BAR proteins are much
more likely to be aligned in similar orientations in order to stabi-
lize the anisotropic curvature. Oligomerization should greatly
facilitate such an alignment.
The finding that amphiphysin’s N-terminal helices are the
primary membrane interacting region on vesicles is consistent
with a recent microscopy study that found the BAR domain
alone to possess little curvature sensitivity toward vesicles;
rather membrane curvature sensing was mainly mediated by
the N-terminal helices (Bhatia et al., 2009). The shallow insertion
of amphiphysin’s N-terminal helices is a common conformation
also observed for vesicle binding of amphipathic helices from
epsin, a-synuclein, and endophilin (Gallop et al., 2006;
Jao et al., 2008, 2010; Lai et al., 2012). A computational study
indicated that shallowly inserted helices selectively wedge into878 Structure 23, 873–881, May 5, 2015 ª2015 Elsevier Ltd All rightsthe head groups (Campelo et al., 2010), thereby stabilizing
curvature in a manner akin to the spontaneous curvature effect
of lipids with large head groups and small acyl chains. On tubes,
however, the N-terminal helices submerge beyond the lipid
phosphates and into the acyl chain region where they produce
a reduced amount of spontaneous curvature (Campelo et al.,
2008, 2010). In addition to no longer applying pressure exclu-
sively to the head group region, the N-terminal helices may
also push the acyl chain regions apart. This feature may be
beneficial for tubulation by allowing amphiphysin to compensate
for lipid vacancies that occur as a target vesicle is being remod-
eled into a tubular structure, where the surface area of the
outer leaflet increases significantly, requiring additional lipids
or protein to fill out the leaflet. The ability to take up space in
the outer leaflet may be particularly important in cases where
lipid flip-flop is slow or inefficient such as in the case of mem-
branes with low cholesterol content. The deep insertion of the
amphipathic helices may also alter the structural organization
of nearby lipids. The interaction of the amphipathic helices
with adjacent lipids is likely to cause a bending of these lipids,
which in turn will cause local membrane thinning. This bending
could occur for two reasons: (1) the negatively charged moieties
of the lipid head groups are expected to bend around the hydro-
philic surface of the amphipathic helices to interact with posi-
tively charged residues (Ambroso et al., 2014) and (2) the acyl
chains are likely to bend around the hydrophobic surface of
the helices to take up otherwise empty space between the heli-
ces and the center of the bilayer. Inasmuch as membrane thick-
ness is inversely related to rigidity, local membrane thinning
would facilitate membrane bending. Moreover, the thinning of
the membrane could make protein oligomerization energetically
favorable. Close spatial proximity of two helical wedges brings
two locally thinned membranes together, limiting the number
of energetically unfavorable membrane thickness transitions.
Such matching of membrane thickness has previously been
found to be an important factor in clustering transmembrane
proteins (Haselwandter and Phillips, 2013; Haselwandter and
Wingreen, 2014).
It should be noted that disease mutations found in centro-
nuclear myopathy are not limited to the BAR domain of amphi-
physin 2 as several mutants have been mapped to the
N terminus (K21del and R24C; K16 and R19, respectively, for
the structurally homologous amphiphysin used in this study)
(Bo¨hm et al., 2014; Claeys et al., 2010; Nicot et al., 2007). The
interesting similarity between the mutations in the BAR domain
and the N terminus is that they all become more deeply inserted
in the tube-bound state. How the mutations affect these confor-
mational transitions remains to be tested.
A prior study found that increased length or number of helical
wedges promoted vesiculation while enhanced scaffolding
promoted tubulation (Boucrot et al., 2012). Our finding that
vesiculation is mainly mediated by the insertion of amphipathic
helices while tubulation is accompanied by enhanced scaf-
folding is in good agreement with this notion. However, our
data also reveal an important detail, namely that the overall
length and number of helices is not the only consideration.
This is because the same protein has the ability to switch
between different structural states that either rely on wedging
or a combination of wedging and scaffolding. A dichotomy ofreserved
Figure 4. Model of How Amphiphysin
Stabilizes Different Types of Membrane
Curvature
(A) Upon contact with the membrane, the N termini
of amphiphysin are able to fold into amphipathic
a-helices that embed (red is used for membrane-
exposed sites) into the membrane at the level of
the lipid phosphates while the BAR domain re-
mains distant (blue a-carbons represent solvent-
exposed spin sites). This state can either induce
positive curvature by wedging apart lipid head
groups or sense already highly curvedmembranes
by stabilizing the existing packing defects in their
outer leaflet.
(B) At higher protein densities, amphiphysin
oligomerizes, its BAR domain moves closer to
the membrane, and its helices insert more deeply
into the membrane as tubes are formed.mechanisms used by amphiphysin to interact with membranes
is further consistent with previous work in which amphiphysin
was found to mainly sense curvature in conditions of low pro-
tein density while inducing curvature at higher protein densities
(Sorre et al., 2012). Our structural data indicate that the
enhanced ability to cause extensive tubulation at higher protein
densities is caused by movements of the BAR domain and the
amphipathic helices toward the membrane that occur as the
oligomeric scaffolds are formed. Taking all of these data
together, it appears likely that the initial membrane interactions
of amphiphysin at low protein densities are predominately
mediated by the wedging of amphipathic helices (Figure 4A).
Such wedging could then create an initial membrane bending.
As the membrane bending increases and amphiphysin reaches
a threshold density, the BAR domains undergo a concerted
structural reorganization that brings them closer to the mem-
brane, allows them to form an oligomeric scaffold, and lets
their N-terminal helices insert more deeply into the membrane
(Figure 4B). Our study is consistent with previous studies
(Boucrot et al., 2012; Sorre et al., 2012) that indicate that a
minimum threshold of amphiphysin density is required for
extensive tubulation. That does not mean that continuously
raising the protein density will only generate more tubes.
In fact, Boucrot et al. (2012) found that vesiculation occurs
at very high protein densities of BAR proteins and we made
similar observations for a-synuclein-dependent membrane
remodeling (Varkey et al., 2010, 2013).
The different structures and mechanisms used to bind tubes
and vesicles may also have implications for the regulation of
membrane curvature in vivo. By preferentially stabilizing the
vesicle- or tube-bound form of the protein, it may be possible
to guide membrane remodeling in vivo. Recent studies suggest
that phosphorylation of endophilin at position S75 favors the
vesicle-bound form of this protein (Ambroso et al., 2014) and is
a regulatory mechanism in synaptic endocytosis (Matta et al.,
2012). Thus, the use of post-translational modifications may be
an effective means for controlling different types of membrane
curvature. Interestingly, amphiphysin has also been found to
contain a phosphorylation site in its N terminus (Hornbeck
et al., 2012). Future studies will have to show whether post-
translational modifications are used to regulate which types of
membrane curvature amphiphysin generates in vivo.Structure 23EXPERIMENTAL PROCEDURES
Generation of Amphiphysin Mutants and Spin-Labeled Derivatives
The plasmid containing the His6-tagged N-BAR domain (amino acids 1–244) of
Drosophila amphiphysin (Peter et al., 2004) was kindly provided by Dr. Harvey
McMahon (Medical Research Council). In order to allow specific labeling of
cysteine residues, C66 and C82 were mutated to alanine by site-directed
mutagenesis (QuikChange, Stratagene). Single cysteine mutants were then
introduced and verified by sequencing. Proteins were expressed as previously
described (Varkey et al., 2010) inEscherichia coliBL21 (DE3) and purified using
nickel-nitrilo-triacetic acid-agarose, followed by Superdex 200 gel filtration.
Remaining impurities were removed using Mono S cation exchange chroma-
tography with a low salt buffer A (20 mM HEPES [pH 7.4], 1 mM DTT) and
elution buffer B (20 mM HEPES [pH 7.4], 2 M NaCl, and 1 mM DTT). Protein
concentrations were determined by absorbance at 280 nm using an extinction
coefficient ε = 21,860 M1 cm1.
Immediately prior to spin labeling, DTT was removed via size exclusion
(PD-10; GE) columns equilibrated in 20 mM HEPES (pH 7.4), 500 mM
NaCl. Spin label (1-oxyl-2,2,5,5 tetramethyl-D3-pyrroline-3-methylmethane-
thiosulfonate) was incubated with protein in a 3- to 5-fold molar excess at
room temperature for 1 hr, or alternatively, at 4C overnight. Unreacted spin
label was removed using PD-10 columns as described above.
Vesicle Preparation and Amphiphysin Membrane Interaction
The following synthetic lipids were used: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-RAC-(1-glycerol)]
(POPG), and cholesterol (Avanti Polar Lipids). For tubulation experiments,
large multi-lamellar vesicles were prepared by vortexing the dried lipid film
containing POPG/POPE (2:1, w/w) in buffer A. The various labeled and unla-
beled forms of amphiphysin were incubated with vesicles at a protein-to-lipid
ratio of 1:10 (w/w) wherein the protein was added last. In each case, tubulation
was verified using negative-stain transmission electron microscopy. For ex-
periments on small vesicles, extruded vesicles containing POPS and choles-
terol were made by mixing POPS/cholesterol (4:1, w/w) and vortexing the
dried lipid in 20 mM HEPES (pH 7.4) and 150 mM NaCl. The vesicles were
then treated to ten cycles of freezing and thawing and then extruded using
a mini-extruder with a 100-nm cutoff polycarbonate membrane (Avanti Polar
Lipids). For vesicle binding, protein and lipid were mixed at a 1:10 ratio by
weight and incubated at room temperature for 20 min. Again, electron micro-
scopy was used to assay sample homogeneity. Under these conditions, ves-
icles stayed intact and did not show any significant change in size.
Acquisition and Analysis of EPR Data
Continuous wave EPR spectra were recorded using a Bruker EMX spectro-
photometer fitted either with an ER4119HS resonator or a Bruker dielectric
resonator. The latter was also used for all power saturation experiments.
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tube-bound amphiphysin was harvested by centrifugation at 16,000 3 g in
a microcentrifuge and vesicle-bound amphiphysin at 120,000 3 g in an
ultracentrifuge (Beckman Coulter). Pellets were taken up in quartz capillaries
(VitroCom) for recording continuous wave EPR spectra and in TPX capillaries
for accessibility measurements. Accessibilities to O2 and NiEDDA (PO2
and PNiEDDA) were measured by power saturation at room temperature
(Altenbach et al., 1994). O2 measurements were performed with samples
equilibrated with air and NiEDDA measurements were performed using
exogenously added NiEDDA to a final concentration of 10mM. Themembrane
immersion depth for lipid-exposed residues was calculated from the
depth parameter F (Altenbach et al., 1994). F was calibrated for depth by
doping the lipid mixtures mentioned above with 1% of 1-palmitoyl-2-
DOXYL-stearoyl-sn-glycero-3-phosphocholine (Avanti PolarLipids) spin
labeled at positions 5, 7, 10, and 12 on the acyl chains as well as the tempo
labeled (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(tempo)choline) deriva-
tive containing a spin label in the head group region (Figures S1E and S2D).
Electron Microscopy
Small aliquots (10 ml) of tube- or vesicle-bound amphiphysin samples
were incubated with carbon-coated Formvar films mounted on copper grids
(Electron Microscopy Services) for 5 min. Excess liquid was removed using
filter paper and the grids were immediately stained with 1% uranyl acetate
for 1 min, rinsed three times with 10 ml of additional 1% uranyl acetate, and
subsequently dried. A JEOL 1400 transmission electron microscope was
used for specimen observation at 100 kV.SUPPLEMENTAL INFORMATION
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